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Abstract: The ultrastructure of the skin of air-adapted mammals (bats) is not known. The study at the electron mi- 
croscope of the skin of the back and the flying membrane of Pipistrellus kuhlii showed that the thickness of the epidermis is 
very low (10-12 pm), and that 1 - 2 flat spinosus cells are present beneath the stratum corneum which is formed by very 
thin corneocytes that resemble those of avian apteric epidermis. The stratum granulosum is discontinuous and few small 
(less than 0.3 um large) keratohyalin granules are present. The epidermis is reduced to one flat basal layer in contact with 
the stratum corneum in many areas of the flying membrane. Transitional corneocytes are almost absent suggesting that the 
process of cornification is very rapid. In the basement membrane numerous hemidesmosomes are present and form attach- 
ment points for the dense dermis underneath. Numerous collagen fibrils directly contact with the hemidesmosomes and the 
dense lamella of the basement membrane. Sparse elastic fibrils allow the stretching of the epidermis during flight and the 
rapid folding of the epidermis after flying without damaging the epidermis. Like in avian epidermis, the production of 
lipids is high in bat keratinocytes, and multilamellar bodies discharge lipids extra- and intra-cellularly. This may compen- 
sate the lack of a thick fat layer in the dermis of the flying membrane as lipids may help in thermical insulation against the 
cooling air currents flowing on the bat skin during flight. Fur hairs are very thin (4-7pm), and they have an elaborated 
cuticle made of pointed expansions similar in texture with that of the cortex. Cuticle cells form hook-like grasping points 
that allow to keep hairs stuck together. In this way the pelage remains compact in order to maintain body temperature . 
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The origin of the mammalian integument from that 
of reptilian ancestors (synapsids) required numerous 
modifications in both the dermis and epidermis (Spear- 
man, 1964, 1966; Findlay, 1970; Maderson, 1972, 
2003) . 


boniferous was either scaled or unscaled, but that only 


The epidermis of basic amniotes of the Car- 


a form of soft keratinization (alpha-keratin) was present 
while beta-keratin was produced in derived reptiles and 
birds (Maderson & Alibardi, 2000). 

In comparison to the dry and hard epidermis of ex- 
tant reptiles, the epidermis of mammals is soft, elastic 
and moisturized, characterized that have been associat- 
ed to the fine action of mammalian musculature to the 
skin while the mechanical protection has mostly been 
taken over by the pelage , together with its role for ther- 
1970; 


Maderson, 1972). The softness of the mammalian epi- 


mal insulation (Spearman, 1966; Findlay, 


dermis may be in relation to the evolution of a granular 
layer that produce a soft stratum corneum (orthokeratot- 
ic) from a more primitive agranular or even parakeratot- 
ic (nucleated or anucleated without keratohyalin ) epi- 
dermis of the reptilian progenitors (Spearman, 1964, 
1966). Parakeratosis in mammalian epidermis has been 
considered as a reversion to a more primitive form of 
cornification, possibly present in the first cotylosaurian 
reptiles from which therapsids and later true mammals 
derived . 

Although numerous morphological, physiological 
and molecular information are available on the mam- 
malian epidermis, they mainly derived from studies on 
a limited number of species such as human and mouse 
(Matoltsy, 1986; Menon et al, 1986; Elias et al, 
1987; O’ Guin et al, 1987; Fuchs, 1990; Resing & 
Dale, 1991; Pfeiffer & Jones, 1993; Rawlings et al, 
1994; Pfeiffer & Rowntree, 1996; Ishida- Yamamoto et 
al, 2000; Kalinin et al, 2002). 

An extensive survey on the skin of most domestic 
and many wild mammals showed some histological vari- 
ation of the epidermis, in relation to the adaptations to 
different environment (Sokolov, 1982). The study 
showed that the stratum granulosum was apparently ab- 
sent (marsupial, pholidota, dermoptera, cetacea, sire- 
nia, arctiodactyla, proboscidea, and microchiroptera) , 
discontinuous (insectivores, carnivores, xenarts) or 
present with different degrees (lagomorphs, primates, 
rodents, pinnipeda, and megachiroptera). Among the 
different skin adaptations (terrestrial, marine, freshwa- 
ter, borrowing, arboreal and flying) the reduction or 
even the disappearance of the stratum granulosum have 
been reported in the epidermis of bats. 


The lack of a stratum granulosum may be due to a 
parakeratotic form of cornification or to the rapid corni- 
fication of keratinocytes that does not allow the accumu- 
lation of a sufficient amount of profilaggrin to form large 
keratohyalin granules and a microscopically visible stra- 
tum granulosum. Keratohyalin has a brief existence and 
is unevenly distributed along the epidermis. The fact 
that the skin of chiroptera is soft and pliable suggests 
that no parakeratosis is involved but instead suggests 
that the epidermis of these flying mammals has a rapid 
turnover (Iversen et al, 1974). 

Despite some histological descriptions on bat skin 
are available (Quay, 1970; Sokolov, 1982), no ultra- 
structural study has precisely shown the structure of bat 
epidermis. The main morpho-physiological requirement 
for the epidermis of bats would be the resistance to ex- 
posure to air fluxes that tend to cool down the body 
temperature and desquamate the epidermal surface. 
Whether these external factors may have conditioned a 
unique morphological adaptation of the epidermis is un- 
known. The evolution of flying mammals may have had 
a deep impact on skin specializations, producing mor- 
phological convergence with the skin of birds (Menon & 
Menon, 2000). In the latter a large amount of lipids 
are produced intracellularly and extracellularly under 
environmental requirements (dry, cool, etc., Menon 
et al, 1996; Peltonen et al, 1998, 2000). Avian ker- 
atinocyets (termed sebokeratinocyets for the production 
of lipids together small quantity of keratin) are very 
thin and a stratum granulosum is absent ( Alibardi, 
2004) . 

In order to verify possible morphological conver- 
gence between the skin of flying vertebrates, the pre- 
sent study presents for the first time the ultrastructure of 
bat epidermis and hairs. 


1 Materials and Methods 


Small pieces of the skin (2 mm x 3 mm or larger 
pieces ) were collected from the flying membrane 
(glabrous), and back (densely hairy) of two individu- 
als of the bat Pipistrellus kuhlii, Natterer 1819. The 
tissues were immediately fixed for about 8 hours in 
2.5% glutaraldehyde in 0.1 M cacodylate buffer at pH 
7.4, postfixed for 90 min with 2% osmium tetroxide, 
rinsed in distilled water for about 10 min, immersed in 
2% uranyl acetate for 1 h, dehydrated in ethanol, in- 
filtrated in propylene oxide for 1 h, and embedded in 
Epon resin at 60 °C for one day. 

Sections of 1 — 3 pm in thickness were obtained 
using an ultramicrotome (LKB-Nova) . For the light mi- 
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croscopic study, sections were stained with 0.5% tolu- 
dine blue. From regions of interest of the skin, thin 
sections (40 — 80 nm thickness) were collected on cop- 
per grids, routine stained with uranyl acetate and lead 
citrate, and observed under a CM-100 Philips electron 
microscopy operating at 80 kV. 


2 Results 


The flying membrane (thickness 0.5 - 0.8 mm) 
presented an irregular, papillate surface, with a flat, 
toluidinophilic flat epidermis (less then 10 mm thick- 
ness ) covered by a thick toluidinophobic stratum 
corneum with a similar thickness to the living, precor- 
neous part (Fig. 1 A). The dense dermis followed the 
epidermal folds and few fibroblasts were seen among the 
fibrous extracellular matrix (Fig. 1 B). Among the 
dense collagen fibrils, the ultrastructural study showed 
that sparse elastic fibrils were present among the preva- 
lent collagen bundles (Fig. 1 C). These elastic fibrils 
were mainly composed by electron-dense amorphous 
component while the microfibrillar component was 
scarce (Fig. 1 C, inset). 

The ultrastructural examination of the epidermis of 
the back showed long tonofilaments bundles in basal 
and 1 - 2 suprabasal (spinosus) cells, connected with 
the granular layer where few keratohyalin granules were 
visible (Fig. 1 C). Numerous hemidesmosomes were 
directly connecting the lamella densa of the basement 
membrane to the numerous collagen fibrils (Figs. 1 C, 
D). The epidermis of the flying membrane is even thin- 
ner than the hairy epidermis of the back, and often only 
one flat basal cell is present underneath the thick stra- 
tum corneum (Fig. 1 E). 

The stratum corneum was made of very thin (0.02 
-0.3 pm) and electron-dense corneocytes (more than 
10 layers), and only in few areas of the epidermis, 
transitional cells were present (Fig. 2 A). Small kera- 
tohyalin granules were present in some areas but a stra- 
tum granulosum was not evenly developed beneath the 
stratum corneum (Fig. 2 B). Some maturing corneo- 
cytes presented in large areas occupied by electron-pale 
material, in some occasion represented by loose keratin 
filaments but in other cases contained electron-pale 
lipids or vesicular bodies (Fig. 2 C). Lamellate bodies 
were occasionally seen in the upper spinosus and transi- 
tional layer but non-lamellar dense bodies were very 
common in keratinocytes. Vesicles contacting corneous 
cells or discharging lipid material into the extracellular 
space among corneocytes were commonly observed 


(Fig. 2 A, C). Cornified cell membrane of 15 — 20 nm 


in thickness was present in mature corneocyets (Figs. 1 
E,2A-C). 
alpha-keratin pattern, made by 10 - 12 nm electron- 
pale filaments (Fig. 2 D). 

The hairy epidermis of the back and neck was also 


Mature corneocytes showed the typical 


very waved and showed a thick stratum corneum (Fig. 
3 A). The numerous hairs covering the epidermis were 
very thin, with a diameter thinner than 8 — 10 um, and 
had a developed ring-shaped oblique cuticle (Fig. 3 
B). The ultrastructural analysis of hairs gave a value 
for the hair fiber of 3 - 4 ym, which reached a diameter 
of 6 —- 8 pm including the sectioned spiny-like cuticle 
(Fig. 3 C). 

Most of hairs in our samples were in catagen or 
telogen (collection done in September), but the outer 
root sheath showed the typical cuticle roots directly at- 
tached to the outer root sheath at the base of the hair 
bulb (Fig. 3 D). In other hairs, electron-dense rem- 
nants of the inner root sheath were seen near the cuticle 
(Fig. 3 E). 

At maturity, cuticle cells were merged to the hair 
fiber (cortex) and only a thin line separated the two 
components until they completely merged at the base of 
the cuticle (Fig. 3 C, F). The compaction of the cor- 
neous material in both cuticle and cortex showed a sim- 
ilar alternating pattern of small dense areas within a 
majority of paler areas. 


3 Discussion 


The epidermis of bats appears very thin and strong 
connected with the numerous collagen fibrils to the 
dense dermis. Elastic fibrils, as reported abundantly in 
previous histological descriptions of the dermis (Iversen 
et al, 1974; Sokolov, 1982), are sparsely found a- 
mong the largely prevalent collagenous network using 
the electron microscope. They appear to be mostly con- 
stituted by the amorphous component while microfibrils 
are scarce. A more detailed study on bat elastin was 
not the purpose of the present observations, but would 
deserve a further analysis . 

The strong dermal epidermal connectivity (numer- 
ous collagen fibrils directly contacting the basal mem- 
brane) is especially seen in the epidermis of the flying 
membrane . The epidermis results tightly attached to the 
dermis, a histological detail that may be in relation to 
the high resistance that this membrane must have for 
sustaining flight and for folding the membrane in resting 
position. The dense lamella is directly linked to colla- 
gen fibrils, an arrangement seen in other skins where a 


strong mechanical connection and folds is present in the 
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Fig. 1 

A, Cross section of flying membrane. The arrow indicates the corneous layer of the undulated epidermis (e). d, dermis. Bar, 10 mm. 

B, Detail of folded and flat epidermis (e) and dermis (d) of flying membrane. A thick stratum corneous (arrow) covers the living epidermis. Bar, 
10 mm. 

C, Ultrastructural general view of epidermis of flying membrane covered with thin corneocytes (co). Arrowheads point to sparse keratohyalin gran- 
ules. The tonofilaments netwoks (t), in basal cells converge in hemidesmosomes (arrows) linked to the richly-collagenous dermis. Bar, 1 mm. 

D, Detail of tonofilaments (arrows) of epidermal basal cells (e) joining to hemidesmosomes in contact with the basal membrane and the numerous 
collagen fibrils (arrowhead) of the dermis (d). Bar, 250 nm. 

E, Detail of single layered epidermis (n, nucleus of the epidermal cell) of a region of the flying membrane. t, tonofilaments. d, dermis. The arrow 
points to the cornified cell membrane of the first corneocyte. Bar, 500 nm. 
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Fig. 2 

A, Pre-corneous layer with no keratohyalin granules visible in contact with dense or pale corneocytes (arrowhead). The extracellular space among 
the lowermost corneocytes (arrow) is occupied by some lipid-like material. Bar, 500 nm. 

B, Detail of precorneous cells with keratohyalin granules (arrow) and corneocytes with evident corneous cell envelope (arrowhead). Bar, 250 nm. 

C, Detail of lipid-like vesicles (arrows) contacting (or discharging material extracellularly) the first corneocyte. Arrowheads indicate the thickened 
corneous cell envelope. Bar, 100 nm. 

D, High magnification of the keratin pattern (arrows) of corneocytes. Bar, 50 nm. 
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Fig. 3 

A, Epidermis of hairy dorsal epidermis featuring a waved epidermis (e) and two sections of hairs (h). Bar, 10 mm. 

B, Aspect of hair fiber showing the obliquely-oriented scaled cuticular pattern (arrow). Bar, 10 mm. 

C, Ultrastructural detail of pointed sectioned cuticle cells (arrows) lateral to the hair fiber (f). Bar, 2 mm. 

D, Extensive keratin tonofilaments network (arrowhead) of portion of cross-sectioned outer root sheath (0) of telogen hair (evidenced by the pres- 
ence of arrowed cuticle roots). c, cortex. d, dermal (glassy) membrane. Bar, 2 mm. 

E, Part of cross-sectioned outer sheath (o) hair with tonofilaments aggregation in the companion layer (arrowhead). A residual cornified cell of the 
inner root sheath (i) is present. The arrow points to the dense cuticle surrounding the cortex (c) of the hair. Bar, 1 mm. 

F, Detail of corneous dense (arrowhead) and pale material of the cortex. Arrows indicate the membrane of a cuticle cell with similar texture of corti- 


cal corneous material. 500 nm. 
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epidermis and dermis (eg. turtle tail skin, Alibardi, 
1999). The numerous hemidesmosomal connections en- 
sure that the epidermis follows the flexibility, folding, 
contraction or stretching of the dermis when the flying 
membrane is folded or opened for flight. In this way the 
epidermal cells are not damaged during folding and un- 
folding, and free from the impact of the air on the flying 
membrane. 

The present ultrastructural survey reveals that bat 
keratinocytes contain the typical organelles of differenti- 
ating mammalian epidermis: small keratohyalin gran- 
ules, numerous lipid and lamellar granules (Matoltsy, 
1986; Menon & Norel, 2002). The most peculiar fea- 
tures of the epidermis are the richness in lipid material, 
the scarcity of keratohyalin and the thinness of corneo- 
cytes (0.02 — 0.1 pm). These characteristics recall 
those of sebokeratinocyets of bird epidermis (Menon & 
Menon, 2000). 

Lamellar bodies, resembling those of the other 
mammals (Matoltsy, 1986; Elias et al, 1987; Rawl- 
ings et al, 1994), have a similar role for the water-loss 
barrier in all amniotes (Landmann, 1980). However, 
without a specific counterstaining (eg rutenium tetrox- 
ide, Menon et al, 1986, 1996) the detailed structure 
of lamellar bodies was not visible in the present study. 
Lipids are abundant in bat epidermis as that in birds, 
although lipid droplets are not very common as that in 
avian sebokeratinocytes. Besides acting in the formation 
of the water barrier, the presence of a high amount of 
lipids in bat epidermis may connect with the need to 
counteract the cooling effect of air on the epidermal sur- 
face during flight: this is probably a common problem 
for both birds and bats. Lipids can produce metabolic 
heat or form a heat barrier to maintain the surface suffi- 
cient warm. The creation of a heat barrier in the epider- 
mis seems to be the case for the epidermis of aquatic 
mammals (Menon et al, 1986; Elias et al, 1987; 
Pfeiffer & Jones, 1993; Pfeiffer & Rowntree, 1996). 

The present cytological and ultrastructural study 
has shown that the stratum granulosum is limited or dis- 
continuous in the available epidermal areas of bat skin. 
Therefore, it is possible that, as in the epidermis of 
other mammals, also in the epidermis of bats where the 
stratum granulosum was not observed was due to the 
submicroscopical dimension of keratohyalin granules 
(less than 0.5 pm; Alibardi & Maderson, 2003). 
Since the scarcity of keratohyalin and of a transitional 
layer has been detected also in different species of bats 
collected in other periods (Sokolov, 1982), it is un- 
likely that the present observations are due to a rapid 


turnover of the epidermis collected in the studied period 
(September) . 

Keratohyalin granules, which contain profilaggrin 
and filagerin (Resing & Dale, 1991), are dispersed a- 
mong keratin filaments in the transitional layer and 
rapidly disappear in the corneous layer where filaggrin 
is degraded and corneocytes flake away. The matrix 
material is diminished in external keratinocytes but still 
produce the alpha-keratin around the electron-pale ker- 
atin fibrils (Matoltsy, 1986). The scarcity of kerato- 
hyalin suggests that little matrix material is present a- 
mong keratin filaments, another characteristics in com- 
mon with avian sebokeratinocyets (Menon & Menon, 
2000; Alibardi, 2004). A corneous layer made of nu- 
merous layers of thin corneocytes, together with a thin 
living epidermis made of 1 - 2 suprabasal cells, sug- 
gests that the cell turnover in bat epidermis is rapid. In 
fact, epidermis cells of the African bat Eidolon helvum 
reach the corneous layer in 6 — 9 days in comparison to 
the 14 - 30 days of that of human (Iversen et al, 
1974). It is also likely that the turnover of the thin a- 
vian sebokeratinocyets is rapid, less than 10 days 
(Lavker, 1975; Alibardi, 2004) . 

Different from the typical mammalian corneocytes 
that have a spiny or tortuous surface, bat corneocytes 
have a smooth surface, as avian sebokeratinocytes. Al- 
so corneodesmosomes appear limited in number in com- 
parison to other epidermises: this is a further sign of 
rapid desquamation and turnover of the epidermis. 

Bats have very thin hairs (4-7 pm) with complex 
cuticles that enhance the grip one with another (Quay, 
1970). The alternating or circular disposition of cuticle 
cells (Sokolov, 1982) probably increases the cohesion 
among hairs. This compact pelage may help the animal 
to maintain the body temperature against the cooling ac- 
tion of air currents met during the nocturnal flight of 
these mammals. This is obtained by a strong cohesion 
of numerous thin hairs by a spiny cuticle: this thick fur 
keeps the skin surface protected. 

In conclusion, a thin, lipid-rich epidermis with a 
thick stratum corneum and a dense pelage may be adap- 
tations to the nocturnal flight forming an anti-cooling 
surface capable of maintaining a thermal barrier. Also, 
hairs help to maintain the water-barrier creating a mois- 


turized microenvironment on the surface of the skin. 
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